We report the use of coherent Smith-Purcell radiation to measure the bunch length of femtosecondscale, 15 MeV electron bunches produced by a 17 GHz rf accelerator. The Smith-Purcell radiation was produced by passing a train of electron bunches above a metal grating. The radiation was verified as Smith-Purcell radiation by measuring the resonance condition, dependence on beam current, and dependence on beam height above the grating. Measurements of the intensity of the radiation vs emission angle were analyzed to obtain the bunch length. The accelerator was operated in two different modes, producing bunches that were determined to have bunch lengths of 600 and 1000 200 fs. These nondestructive bunch length measurements were found to agree well with an independent, but destructive, measurement using a microwave deflecting cavity.
I. INTRODUCTION
The measurement and diagnosis of ultrashort, i.e., subpicosecond, electron bunches is important for linear colliders, free electron lasers (FELs) and plasma accelerators. Various different techniques have demonstrated the measurement of subpicosecond bunch lengths including streak cameras [1] , rf deflecting structures [2, 3] , electro-optic techniques [4] , coherent synchrotron radiation [5, 6] , and coherent diffraction radiation [7, 8] . The ideal method will be nondestructive, have sub 100 fs resolution and be extendable to very short bunches, i.e., tens of femtoseconds. One of the most promising bunch length measurement techniques, which has minimal effect on the beam, is Smith-Purcell radiation (SPR) [9, 10] . SPR, which occurs when a charged particle passes over a periodic structure, was first observed in 1953 [11] . SPR has several advantages over other coherent radiation generation techniques such as synchrotron, transition and diffraction radiation. First, the intensity of radiation is higher by the number of grating periods, N g , which is typically on the order of 10 to 100. Additionally, the radiation is angularly dispersed in frequency according to the SPR dispersion relation l n
where is the wavelength of the radiation, n is the order of the radiation, l is the grating period, is the ratio of the electron velocity to the speed of light, and is the observation angle as shown in Fig. 1 . The first demonstration of a SPR bunch length measurement was performed for 14 ps bunches [12, 13] . The experimental setup described in this paper was previously used to study frequency locking of SPR [14, 15] . This manuscript expands upon the previous bunch length research, reporting additional data and experimental details and demonstrating the first subpicosecond bunch length measurement using SPR.
II. THEORY
For one electron the radiated energy density per unit frequency of the nth order of SPR can be written as [16] 
where x o is the height of the electron above the grating, is the azimuthal angle with respect to the xy plane, jR n j 2 is a grating efficiency factor which is a function of the grating profile, wavelength and order of radiation [17] , and e is the ''evanescent wavelength'' defined as
where the Lorentz factor 1 ÿ 2 ÿ1=2 . For N e electrons in a bunch, coherent radiation is produced for wavelengths longer than the bunch length [18, 19] . The total radiated intensity becomes
where dI n =d! is given by Eq. (2) while setting x o 0. Consider the electron bunch distribution functions to be three independent functions, one for each dimension, Xx, Yy, Zz. The incoherent form factor becomes
where h is the maximum height of the grating. The coher- 
where e Y and e Z are the Fourier transforms of the bunch distribution functions. The main contribution to the coherence term, Eq. (6), comes from the longitudinal distribution, e Z!; which decays exponentially for wavelengths shorter than the bunch length.
Two 3D codes were utilized to predict and analyze the SPR. An image charge code based upon [20] was used to design the experiment. The experiment was designed by optimizing the blaze angle and periodicity to provide maximum radiation intensity and maximum angular sensitivity with respect to the mirror, window size and beam parameters according to the formulation in [20] . An electric field integral equation code which follows [21] and considers finite grating effects was used to analyze the data.
III. EXPERIMENTAL SETUP
The electron beam is produced by a linac, built by Haimson Research Corporation (HRC), which consists of a 515 kVelectron gun, a chopper-prebuncher and three lens injector and a quasiconstant gradient accelerating structure consisting of 94 cavities that operate in the 2=3 mode [22] . The linac is powered by the HRC relativistic klystron [23, 24] which was typically operated at 15 MW of rf power at 17.140 GHz in 100 ns pulses (flat top). The electron beam was approximately 1 mm in diameter (FWHM) with an emittance of 3 mm-mrad. The beam current was 150 mA, corresponding to 5:6 10 7 electrons per bunch, and the beam centroid height above the grating was set to 0.75 mm, except for the specific cases where dependence on beam current and height were measured.
The chopper-prebuncher injection system was designed to produce a high quality beam at the entrance to the linac [25] . The chopper cavity is designed to produce bunches as short as 100 using a peak rf input power of 1.4 kW. The prebuncher was designed to compress these bunches down to 15 using a peak power of 1.5 kW. The 15 input bunch is further compressed during acceleration in the linac down to about 1 , which corresponds to 160 fs or 50 m at 17.14 GHz. Independently controlled phase shifters and power attenuators are used to adjust the phase relationship between the injector cavities and the linac and the power levels of each cavity. Adjustment of the phase and power levels of the chopper and prebuncher cavities allows for a range of bunch lengths, 1 -10 , to be produced. When the accelerator produces 1 bunches the charge per bunch is small. All runs described in this paper have >500 fs ( 3 bunch length. The SPR vacuum chamber shown in Fig. 1 houses the grating, a mirror and a window and is located 3 m downstream from the exit of the linac. A toroidal focusing lens is located 2 m upstream from the grating, allowing the beam to be focused to an emittance limited spot size of 1.0 mm. Two echelle type gratings were used with periods of 10 and 6 mm. Both gratings had an overall length of 100 mm and a blaze angle of 10
. The gratings were built of OFHC copper and the grating parameters were chosen to optimize the SPR for a 1.0 and 0.5 ps bunch, respectively, using the formulation described in [20] . The grating height can be adjusted with two remote controlled stepper motor feedthroughs allowing both the front and the back of the grating to be raised or lowered independently.
The radiation is directed out of the vacuum chamber via a flat copper mirror of overall length of 12.7 cm and passes through a 10 cm diameter fused silica window. The mirror angle is adjusted via a remote controlled stepper motor. The absorption of fused silica at radiation frequencies (100 -800 GHz) is accounted for by using published data [26 -29] . The absorption due to air [30] was considered negligible (0.2 dB) over the 20 cm distance that the radiation traveled to reach the detector.
The SPR was measured with an Infrared Laboratories Si bolometer which was cooled to liquid helium temperatures. The detector had a measured responsivity of 2 10 4 V=W. Two 1 cm collimators were placed between the window and the detector to reject stray radiation and to reduce the angular acceptance. The angular acceptance of the detector can be approximated as the radius of the collimator divided by the distance from the collimator to the detector element ( 0:5=10 ' 3 ). The detector was mounted on a translation stage which allowed it to be moved parallel to the window. The angular distribution was measured by moving the detector across the window in 1 cm steps, corresponding to the collimator width, for each mirror position. The intensity for each emission angle was then computed by summing the measured intensity for each detector position to give the total emitted radiation at a particular angle. The detector and associated collimators are shown in Fig. 1 .
IV. RESULTS
The Smith-Purcell resonance condition was verified with three band pass filters (183, 400, and 800 GHz) while changing the collection angle. A plot of the resonance condition and the three frequencies for the 10 mm grating is shown in Fig. 2 . The dependence of the SPR intensity on beam current was measured and is shown in Fig. 3 . From Eq. (4) with theoretical distributions for several different longitudinal bunch lengths. Figure 7 is used to estimate that the bunch length uncertainty by this fitting is 0:2 ps.
V. CONCLUSION
SPR from 15 MeV electron bunches was measured. The SPR resonance condition was verified using several band pass filters. Additionally, the dependence of the radiation on current and beam height were measured and agree very well with theory. The measured radiated energy, 50 nJ, is within an order of magnitude of theoretical predictions [20, 21] . The measurement of the angular distribution of the SPR determined the longitudinal bunch length to be 1.0 0.2 ps when operating in long bunch mode and 600 200 fs in short bunch mode. In Fig. 5 the larger error bars at lower frequency are due to the divergence of the SPR and the lower collection efficiency of the collimation system at the corresponding angles. In Fig. 6 measurement of the high frequency rolloff is restricted due to geometrical constraints of the grating, mirror and the vacuum chamber. Figure 7 shows that the best fit of the experimental data is greater than 400 fs and less than 800 fs and demonstrates the capability of measuring subpicosecond electron bunch lengths with SPR. The bunch length measurements using SPR were verified using an independent circularly polarized deflection measurement [3] .
The use of SPR as a bunch length diagnostic has the advantage that it is a nondestructive technique and is important for FEL's, next generation linear colliders and plasma accelerators. Unlike other techniques such as the electro-optic and streak camera techniques, SPR has no inherent limitations on the minimum bunch that can be measured. Several other advantages might include lower cost and complexity and the possibility of performing a single shot bunch length monitor by using an array of detectors.
